In the Vistula Lagoon, storm surges are induced by variable sea levels in the Gulf of Gdańsk and wind action. The rising of the water level in the southern part of the basin, exceeding 1.0 m above mean sea level, can be dangerous for the lowland area ofŻuławy Elbląskie, causing the inundation of the polders adjacent to the lagoon. One of the potential possibilities to limit the flood risk is to decrease the water level in the lagoon during strong storm surges by opening an artificial canal to join the lagoon with the Gulf of Gdańsk. The decision to build a new strait in the Vistula Spit was made in 2017. In order to analyze the impact of the artificial connection between the sea and the lagoon during periods of high water stages in the southern part the lagoon, mathematical modelling of the hydrodynamics of the Vistula Lagoon is required. This paper presents the shallow water equations (SWEs) model adapted to simulate storm surges driven by the wind and sea tides, and the numerical results obtained for the present (without the new strait) and future (with the new strait) configuration of the Vistula Lagoon.
Introduction
Coastal lagoons are defined in [1] as inland and shallow water bodies (depths not exceeding a few meters), separated from the ocean by a barrier. They are connected to the ocean by at least one restricted inlet. The orientation of the lagoon may vary, but the parallel to the shore is dominant. According to [2] , coastal lagoons occur on about 12% of the length of the world's coastline. The formation of lagoons could be caused by alluvial progradation, the transgression of barriers in response to a sea level rise, or be formed behind storm-build barriers. A good example of this last type of formation can be found on the southern shores of the Baltic Sea. These semi-closed water areas are very calm and have the same salinity as the open sea, making them ideal for aquaculture. Some lagoons have been extensively converted for brackish-water fish ponds (e.g., the lagoons south of Madras), shellfish aquaculture (i.e., lakes on Hokkaido Island [3] ), or cage culture, which is widespread around the world [4] . Changing climatic conditions [5, 6] over the next century are likely to increase marine influences in lagoons, by the action of wind and storm surges. The paper presents some possibility of flood relief by the example of the proposed cut channel on the Vistula Lagoon transboundary water body.
The Vistula Lagoon is located on the southern coast of the Baltic Sea, in the east part of the Gulf of Gdańsk (Figure 1 ). The length of the lagoon is 90.7 km and its width varies from almost 6 km up to 13 km. The mean width is 8.9 km. The lagoon is a very shallow basin with a mean depth of only 2.75 m. It is separated from the Gulf of Gdańsk by the Vistula Spit of a length of about 65 km. The only connection between the Vistula Lagoon and the Baltic Sea is through the Strait of Baltiysk, which is 2 km long, 440 m wide, and approximately 8.8 m deep. The Vistula Lagoon, which developed about 6000 years ago, was created by being cut off from the Baltic Sea by the Vistula Spit. Since the digging of the canal only connection between the Vistula Lagoon and the Baltic Sea is through the Strait of Baltiysk, which is 2 km long, 440 m wide, and approximately 8.8 m deep. The Vistula Lagoon, which developed about 6000 years ago, was created by being cut off from the Baltic Sea by the Vistula Spit. Since the digging of the canal (artificial strait) across the Vistula Spit in 1497 in the vicinity of Baltiysk, the Vistula Lagoon has been in constant contact with the sea [7] . The lagoon represents a transboundary area divided into two parts by the state border between Poland and Russia. The total area of the lagoon measures 838 km 2 , of which 472.5 km 2 belongs to Russia. The shore line is 270 km long, with a water volume of 2.3 km 3 [8] . Unsteady flows in the Vistula Lagoon are usually caused by changes of the sea level in the Gulf of Gdańsk and by wind action on the water surface of the lagoon. When the water stage of the Gulf of Gdańsk rises, a difference in sea level in relation to the lagoon appears. This results in a strong water current directed into the lagoon. The decrease of the water table in the Baltic Sea causes the lagoon water to flow into the sea, creating a strong current in the strait in the opposite direction. The total volume of sea water inflowing into the lagoon equals about 17 km 3 per year. In extreme conditions, the water inflow reaches 10,000 m 3 s -1 . Such a situation can occur several times per year, mainly in autumn and winter, when storm surges in the sea reach a water level of over 0.8 m a.s.l. [9] . The total outflow from all the rivers entering into the lagoon is about 180 m 3 s -1 , and has no significant influence on changes in the water stage in this basin. Except for the water exchange through the Strait of Baltiysk, the hydrodynamic conditions of the lagoon depend on the wind action. In the region of the Vistula Lagoon, SW (from South-West direction) winds with a velocity from 4 to 6 m s -1 (wind velocity measurements at a height of 10 m) prevail [8] . These winds can cause a rise of the water level in the Gulf of Gdańsk and in the Vistula Lagoon of up to 0.8 m over the mean sea level. However, NE (from North-East direction) winds in particular cause a dangerous water level rise in the southern part of the Vistula Lagoon. For long periods (12 h and more) of strong NE winds (10 m s -1 and more), a rise of the water level exceeding +1.0 m and in extremes reaching +1.5 m above Unsteady flows in the Vistula Lagoon are usually caused by changes of the sea level in the Gulf of Gdańsk and by wind action on the water surface of the lagoon. When the water stage of the Gulf of Gdańsk rises, a difference in sea level in relation to the lagoon appears. This results in a strong water current directed into the lagoon. The decrease of the water table in the Baltic Sea causes the lagoon water to flow into the sea, creating a strong current in the strait in the opposite direction. The total volume of sea water inflowing into the lagoon equals about 17 km 3 per year. In extreme conditions, the water inflow reaches 10,000 m 3 s −1 . Such a situation can occur several times per year, mainly in autumn and winter, when storm surges in the sea reach a water level of over 0.8 m a.s.l. [9] . The total outflow from all the rivers entering into the lagoon is about 180 m 3 s −1 , and has no significant influence on changes in the water stage in this basin. Except for the water exchange through the Strait of Baltiysk, the hydrodynamic conditions of the lagoon depend on the wind action. In the region of the Vistula Lagoon, SW (from South-West direction) winds with a velocity from 4 to 6 m s −1 (wind velocity measurements at a height of 10 m) prevail [8] . These winds can cause a rise of the water level in the Gulf of Gdańsk and in the Vistula Lagoon of up to 0.8 m over the mean sea level. However, NE (from North-East direction) winds in particular cause a dangerous water level rise in the southern part of the Vistula Lagoon. For long periods (12 h and more) of strong NE winds (10 m s −1 and more), a rise of the water level exceeding +1.0 m and in extremes reaching +1.5 m above the mean sea level can be observed [9] . The total tidal vertical range in the southern part of the lagoon is about 3.0 m (from -1.5 up to +1.5 m a.s.l.). Although NE winds are relatively rare, they can be very dangerous for the polders adjacent to the lagoon, resulting in extensive inundation of the lowland areas ofŻuławy Elbląskie.
Figures 2 and 3 present the correlation between the mean wind direction and the sea level in the Gulf of Gdańsk. As seen from the plots, the sea level on the southern shore of the Baltic Sea is strongly affected by winds blowing from the SW direction.
Water 2019, 11, 990 3 of 19 the mean sea level can be observed [9] . The total tidal vertical range in the southern part of the lagoon is about 3.0 m (from -1.5 up to +1.5 m a.s.l.). Although NE winds are relatively rare, they can be very dangerous for the polders adjacent to the lagoon, resulting in extensive inundation of the lowland areas of Żuławy Elbląskie. Figures 2 and 3 present the correlation between the mean wind direction and the sea level in the Gulf of Gdańsk. As seen from the plots, the sea level on the southern shore of the Baltic Sea is strongly affected by winds blowing from the SW direction. Table 1 presents the maximum probable storm surges in the Gulf of Gdańsk, based on the probability calculations of the highest annual Baltic Sea levels on the Polish coast [10] . Computations were performed taking into consideration observational data of the highest annual sea levels in Gdańsk. the mean sea level can be observed [9] . The total tidal vertical range in the southern part of the lagoon is about 3.0 m (from -1.5 up to +1.5 m a.s.l.). Although NE winds are relatively rare, they can be very dangerous for the polders adjacent to the lagoon, resulting in extensive inundation of the lowland areas of Żuławy Elbląskie. Figures 2 and 3 present the correlation between the mean wind direction and the sea level in the Gulf of Gdańsk. As seen from the plots, the sea level on the southern shore of the Baltic Sea is strongly affected by winds blowing from the SW direction. Table 1 presents the maximum probable storm surges in the Gulf of Gdańsk, based on the probability calculations of the highest annual Baltic Sea levels on the Polish coast [10] . Computations were performed taking into consideration observational data of the highest annual sea levels in Gdańsk. Monthly mean sea level measured at the Hel station (Gulf of Gdańsk) [9] . Table 1 presents the maximum probable storm surges in the Gulf of Gdańsk, based on the probability calculations of the highest annual Baltic Sea levels on the Polish coast [10] . Computations were performed taking into consideration observational data of the highest annual sea levels in Gdańsk. There is a concept to create a new connection between the Polish part of the Vistula Lagoon and the Gulf of Gdańsk [11] . The aim is to significantly shorten and improve the sea route to the Baltic Sea. The idea to build a new strait between the sea and the lagoon is not new; it was first proposed in 1577. Over the years, the idea was often returned to [12, 13] , but the final decision was made in 2017 when the President of Poland signed a special act regarding the Vistula Spit cut. NowyŚwiat ( Figure 1 ) was chosen as the location of a new canal with a lock. According to this act, the canal is to be 1.1 km long, up to 80 m wide, and 5 m deep. In addition to the creation of an independent connection of the Polish part of the Vistula Lagoon with the Baltic Sea, there are some additional arguments for building the Strait of NowyŚwiat. The first is the increased possibility of using the sea port in Elbląg. Moreover, due to the possibility of opening the canal for outflowing water in case of an accumulation and rise of water in the southern part of the Vistula Lagoon, the flood risk for the polders of the lowland areas ofŻuławy Elbląskie can be potentially limited. In order to assess the impact of the artificial strait in the Vistula Spit on the storm surges in the Vistula Lagoon, a numerical simulation is needed. This paper presents the mathematical modelling of the hydrodynamics of the Vistula Lagoon, based on the solution of shallow water equations (SWEs) considering wind stresses.
Mathematical Model and Solution Method
Mathematical modelling of the Vistula Lagoon hydrodynamics and mass transport has been developed over the last 35 years. In the first period, two-dimensional models were built and used to predict floods that can occur in theŻuławy Elbląskie lowland areas during the winter storm season. They were useful prediction tools for water level forecasts in the lagoon [14, 15] . In the next period, from 1994 to 2001, complex 2D models composed of hydrodynamics, water quality, and eutrophication modules were used for the modelling of hydrobiological and hydrochemical processes in the Vistula Lagoon [16] [17] [18] [19] . Starting from the beginning of the 21st century, 3D water flow and mass transport models were applied to simulate the Vistula Lagoon hydrodynamics and migration phenomena [8, 20, 21] . These models were used for cases when the vertical variability of flow currents and the distribution of mass had to be considered. Such an approach can be necessary to model the hydro-sedimentary processes in lagoons and enclosed bays, for example, sand transport or contaminant migration [22] . However, in the case of storm surges driven by winds, mass (water volume) conservation plays the main role and the vertical variation of flow parameters can be neglected. Therefore, a 2D model seems to be sufficient to simulate the problem described in this paper. Moreover, the problem of the influence of a second connection between the Gulf of Gdańsk and the Vistula Lagoon has not been investigated intensively so far. The first numerical approach to this problem was proposed in [23] . Recently, some numerical simulations of the hydrodynamics of the lagoon in view of the artificial canal through the Polish part of the Vistula Spit have been analyzed in [21] .
In the numerical analysis presented in this paper, the 2D SWEs model is used to simulate the impact of the artificial canal in the vicinity of NowyŚwiat, where the Vistula Spit cut is planned. The application of this model is reasonable since the assumption of a uniform vertical distribution of horizontal velocities is satisfied. Although the measurements carried out in the lagoon [8] show that due to strong winds the vertical velocity distributions are not quite uniform, the SWEs model is sufficient to describe the water surface movement and horizontal circulation neglecting the vertical accelerations, which was confirmed with the previous satisfactory simulation results [14, 24, 25] .
The set of shallow water equations can be written as:
where: x, y-spatial coordinates; t-time; U, V-depth-averaged components of velocity in the xand y-direction, respectively; |W| = (U 2 + V 2 ) 1/2 -modulus of the velocity vector; h-water elevation above some plane of reference; H-water depth; g-acceleration due to gravity; n-Manning friction coefficient; v 0 -coefficient of horizontal turbulent viscosity; T x -wind stresses in the x-direction; T y -wind stresses in the y-direction. The system of partial differential Equations (1)- (3) for the imposed initial and boundary conditions can be solved by different numerical techniques. Some applications of the finite difference method (FDM) [26] , finite element method (FEM) [27] , and finite volume method (FVM) [28] were used, for example, to numerically integrate the SWE in space. In general, the main disadvantages of numerical methods used to solve 2D problems are the large dimension of the system of algebraic equations if implicit time integration schemes are applied, or the long computational time (small time integration step) if explicit schemes are used. In order to avoid these disadvantages, the two-dimensional problem can be split into a sequence of two one-dimensional problems, which can be solved efficiently in an implicit way. Here, the idea of the splitting technique presented in [24] was adapted. For this approach, the set of Equations (1)- (3) can be written in the matrix notation as follows:
where: C = (U, V, h) T ; and F-vector containing all the terms of (1-3) except time derivatives. The solution of this equation can be obtained by integration in the time increment (t, t + ∆t). The general integration formula is:
In the mentioned splitting method, the vector, F, is expressed as a sum of vectors:
where:
Finally, Equations (1)- (3) can be written as:
Following [24] , for the time increment (t, t + ∆t), one can obtain a solution of Equation (4) by the successive solution of the following equations:
with the initial condition, C
(1) t = C t , and:
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. The accuracy of the method depends on the accuracy of the methods applied for the solution of the Equations (10) and (11) . Here, they were integrated using the method to solve the 1D unsteady flow equations proposed in [29] .
In order to solve the set of Equations (1)- (3) the initial and boundary conditions are needed. In general, the following initial conditions are prescribed: For time, t = t 0 , in the functions, U(x,y,t 0 ) = U 0 (x,y), V(x,y,t 0 ) = V 0 (x,y), h(x,y,t 0 ) = h 0 (x,y). The boundary conditions depend on the boundary type. At open boundaries, where flow occurs, a velocity normal (N) to the boundary, W N = W(t), or the water level, h = h(t), is forced (the second condition was used in the simulations presented in the paper). At the same time, a velocity tangential (T) to the boundary is forced equal to zero (W T = 0) and a 'free slip' exists (δW T /δn = 0). At closed (impermeable) boundaries, normal velocity is set to zero, W N = 0, and tangential velocity can be zero, W T = 0, or a 'free slip' can be assumed.
The SWE model (1-3), solved by the described technique, was applied to simulate an unsteady flow in the Vistula Lagoon. A structured square numerical mesh of grid dimensions, ∆x = ∆y = 400 m, was applied to represent the lagoon (the lowland areas ofŻuławy Elbląskie are not included directly in the model). The contour of the mesh representing the flow area is shown in Figure 4 . The archival bathymetry data [9] (Figure 4 ) was used for the simulations. The coordinate system with a vertical datum based on the Baltic Sea level (0.0 m a.s.l., Kronstadt) was rotated 45 • clockwise. For all numerical cases, the initial conditions were determined by the hydrostatic state, with the horizontal water table corresponding to the initial water level in the Gulf of Gdańsk and the Strait of Baltiysk. The boundary conditions were chosen in the following way. At open boundaries, where connections of the Vistula Lagoon with the Gulf of Gdańsk exist, the sea water level (representing storm surges) was forced together with null velocity tangential to the boundary. Such a condition represents the variation of the sea level. The water discharge in a direction normal to the cross-section of the strait was always calculated based on the actual value of normal velocity and the water depth. The same type of boundary condition was imposed for the existing Strait of Baltiysk ( Figure 4 , point A) as well as for the artificial canal in NowyŚwiat ( Figure 4 , point E) while it was analyzed. The other boundaries are located along the shore line of the lagoon and they were treated as closed boundaries with a 'free slip' condition. The inflow of rivers entering into the lagoon was neglected. 
Results and Discussion
There are 10 numerical simulations presented in this section for different conditions and scenarios. The overall data for each case study is shown in Table 2 . 
There are 10 numerical simulations presented in this section for different conditions and scenarios. The overall data for each case study is shown in Table 2 .
To investigate the influence of sea tides on the water exchange between the Gulf of Gdańsk and the Vistula Lagoon, and to test the boundary conditions imposed at the open boundaries of the strait, a numerical experiment was carried out for the hypothetical change in sea level without wind action. Two variants, first without and then with the new opening in the Vistula Spit, were simulated. The variation of the sea level forced as a boundary condition is shown in Figure 5 . Such a boundary condition makes the Vistula Lagoon fill with sea water starting from the mean sea level (0.0 m a.s.l.) and then empty to the initial state. In the same figure, the evolution of the water surface elevation at Nowakowo (point B, Poland) and Kaliningrad (point D, Russia) is presented while only one strait is considered (point A). It can be observed that the whole lagoon fills with water up to 0.6 m a.s.l. after 24 h. The same effect was presented in [9] . Moreover, it is visible that the Russian end of the lagoon (point D) fills and empties quicker than the Polish end (point B), which is a result of the difference in the distance from the Strait of Baltiysk. To investigate the influence of sea tides on the water exchange between the Gulf of Gdańsk and the Vistula Lagoon, and to test the boundary conditions imposed at the open boundaries of the strait, a numerical experiment was carried out for the hypothetical change in sea level without wind action. Two variants, first without and then with the new opening in the Vistula Spit, were simulated. The variation of the sea level forced as a boundary condition is shown in Figure 5 . Such a boundary condition makes the Vistula Lagoon fill with sea water starting from the mean sea level (0.0 m a.s.l.) and then empty to the initial state. In the same figure, the evolution of the water surface elevation at Nowakowo (point B, Poland) and Kaliningrad (point D, Russia) is presented while only one strait is considered (point A). It can be observed that the whole lagoon fills with water up to 0.6 m a.s.l. after 24 hours. The same effect was presented in [9] . Moreover, it is visible that the Russian end of the lagoon (point D) fills and empties quicker than the Polish end (point B), which is a result of the difference in the distance from the Strait of Baltiysk.
The change in the simulated water discharge through the Strait of Baltiysk is also shown in Figure 5 . The negative and positive values of the flow rate represent the inflow to and outflow from the lagoon, respectively. The total volume of inflow was estimated to equal 420,031,200 m 3 and the total outflow was 420,733,800 m 3 . The difference between the volumes is about 0.17%, which proves the good mass conservation in the model. Unfortunately, it is not possible to verify the discharge calculation for hypothetical cases nor real flow events, due to the lack of flow rate or velocity measurements in the strait. However, the total volume exchange can be compared to the volume of the lagoon for the given water depth. The area of the structural, rectangular numerical mesh applied in the simulation is equal to 698,960,000 m 2 . If the water layer of a thickness of 0.6 m is considered, the total volume of water in the lagoon is equal to 419,376,000 m 3 . This value is close to the volume of inflow and outflow during the filling and emptying processes. In the second numerical simulation, two straits were considered. The new strait (point E) was assumed to have a cross-sectional area equal to 400 m 2 . The same boundary condition was imposed for the new strait (point E) as for the existing one (point A). It can be observed ( Figure 6 ) that with the same situation in the sea, the full filling of the lagoon is faster than before (after about 18 hours). The change in the simulated water discharge through the Strait of Baltiysk is also shown in Figure 5 . The negative and positive values of the flow rate represent the inflow to and outflow from the lagoon, respectively. The total volume of inflow was estimated to equal 420,031,200 m 3 and the total outflow was 420,733,800 m 3 . The difference between the volumes is about 0.17%, which proves the good mass conservation in the model. Unfortunately, it is not possible to verify the discharge calculation for hypothetical cases nor real flow events, due to the lack of flow rate or velocity measurements in the strait. However, the total volume exchange can be compared to the volume of the lagoon for the given water depth. The area of the structural, rectangular numerical mesh applied in the simulation is equal to 698,960,000 m 2 . If the water layer of a thickness of 0.6 m is considered, the total volume of water in the lagoon is equal to 419,376,000 m 3 . This value is close to the volume of inflow and outflow during the filling and emptying processes.
In the second numerical simulation, two straits were considered. The new strait (point E) was assumed to have a cross-sectional area equal to 400 m 2 . The same boundary condition was imposed for the new strait (point E) as for the existing one (point A). It can be observed ( Figure 6 ) that with the same situation in the sea, the full filling of the lagoon is faster than before (after about 18 h). This is due to the additional opening in the spit. Moreover, it can be seen that for the given boundary condition, the lagoon stays fully filled with water for a longer time than for the previous situation. Finally, it can be found that the different parts of the lagoon fill at the same time.
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The influence of the new connection between the gulf and the lagoon can be investigated in Figure 6 as a variation of the water discharge through the straits. A similar flow rate time distribution for both straits can be observed. However, because of the greater cross-sectional area, the discharge through the Strait of Baltiysk is always greater than through the hypothetical new canal. For the maximum inflow to and outflow from the lagoon, the ratio of the flow rates is 0.27 and 0.16, respectively. Of course, the division of the discharge is not constant and depends on the actual situation in the sea and the lagoon. Moreover, the hydraulic characteristics of the new strait as an artificial hydraulic structure, and its mode of work are not known at this moment because there is only a general concept of the canal with no information about the construction details. Because of this, the calculated flow rate ratio can be considered as an approximate value. In the second step, in order to assess the impact of the new artificial connection between the lagoon and the sea on the variation of the water level in the lagoon, several numerical simulations with wind action were carried out. First, two hypothetical case studies of strong constant winds blowing along the lagoon axis were simulated. Two scenarios of a storm surge were analyzed, induced by constant NE and SW winds, respectively. Calculations were made for the following data-the water level in the Gulf of Gdańsk is constant at the mean sea level (0.0 m a.s.l.) and the wind has a constant velocity of 12 m s -1 from NE and SW, respectively, over the whole area of the lagoon for the first 18 hours of simulation. Then, the wind stops and the total time of flow simulation is 24 hours. For each scenario of the synthetic hydro-meteorological situation, two variants of lagoon configuration were considered-without and with the new opening in the Vistula Spit. The results of the computations after 12 hours of flow simulation are shown in Figures 7-15 . The influence of the new connection between the gulf and the lagoon can be investigated in Figure 6 as a variation of the water discharge through the straits. A similar flow rate time distribution for both straits can be observed. However, because of the greater cross-sectional area, the discharge through the Strait of Baltiysk is always greater than through the hypothetical new canal. For the maximum inflow to and outflow from the lagoon, the ratio of the flow rates is 0.27 and 0.16, respectively. Of course, the division of the discharge is not constant and depends on the actual situation in the sea and the lagoon. Moreover, the hydraulic characteristics of the new strait as an artificial hydraulic structure, and its mode of work are not known at this moment because there is only a general concept of the canal with no information about the construction details. Because of this, the calculated flow rate ratio can be considered as an approximate value.
In the second step, in order to assess the impact of the new artificial connection between the lagoon and the sea on the variation of the water level in the lagoon, several numerical simulations with wind action were carried out. First, two hypothetical case studies of strong constant winds blowing along the lagoon axis were simulated. Two scenarios of a storm surge were analyzed, induced by constant NE and SW winds, respectively. Calculations were made for the following data-the water level in the Gulf of Gdańsk is constant at the mean sea level (0.0 m a.s.l.) and the wind has a constant velocity of 12 m s −1 from NE and SW, respectively, over the whole area of the lagoon for the first 18 h of simulation. Then, the wind stops and the total time of flow simulation is 24 h. For each scenario of the synthetic hydro-meteorological situation, two variants of lagoon configuration were considered-without and with the new opening in the Vistula Spit. The results of the computations after 12 h of flow simulation are shown in Figures 7-15. is calculated at the same time. The flow circulation is the result of the water inflow through the Strait of Baltiysk (point A). The main stream of sea water is split and circulations occur in each part of the lagoon. It can be seen that in the main part of the lagoon, the water flows in a SW direction along the shore and returns in a NE direction along the main axis. An area of water flow stagnation with very low velocities can be seen in the Polish part, in the vicinity of Elbląg (point B) and the Vistula Spit (point E).
Figures 9 and 10 present the situation for a NE wind and when considering the new strait (point E). If the additional connection between the sea and lagoon is implemented, the hydrodynamic conditions of the Vistula Lagoon are changed. Again, the regular shape of the water surface can be observed, but the damming of water at the Polish side of the lagoon is less than previously. However, the lowering of the water table in the Russian part (point D) is greater. The new strait results in a local water surface depression around point E and a significant modification of the flow circulation. In this new situation, the lagoon has become open, with the possibility of water inflow through the Strait of Baltiysk (point A) and outflow through the new canal (point E). Moreover, there is no water stagnation in the lagoon and flow velocities are higher. of Baltiysk (point A). The main stream of sea water is split and circulations occur in each part of the lagoon. It can be seen that in the main part of the lagoon, the water flows in a SW direction along the shore and returns in a NE direction along the main axis. An area of water flow stagnation with very low velocities can be seen in the Polish part, in the vicinity of Elbląg (point B) and the Vistula Spit (point E).
Figures 9 and 10 present the situation for a NE wind and when considering the new strait (point E). If the additional connection between the sea and lagoon is implemented, the hydrodynamic conditions of the Vistula Lagoon are changed. Again, the regular shape of the water surface can be observed, but the damming of water at the Polish side of the lagoon is less than previously. However, the lowering of the water table in the Russian part (point D) is greater. The new strait results in a local water surface depression around point E and a significant modification of the flow circulation. In this new situation, the lagoon has become open, with the possibility of water inflow through the Strait of Baltiysk (point A) and outflow through the new canal (point E). Moreover, there is no water stagnation in the lagoon and flow velocities are higher. In Figures 11 and 12 , the calculated water level and flow velocity fields for a SW wind without the new strait are presented. Similar to the results obtained for the NE wind, the shape of the water free surface (Figure 11 ) is regular, but for the assumed meteorological conditions, the highest water level (above 0.4 m a.s.l.) is calculated at the Russian (NE) part of the lagoon (point D), while the lowest one (below -0.9 m a.s.l.) is observed at the Polish (SW) side of the lagoon (points B and E). The outflow of water into the sea through the Strait of Baltiysk (point A) was simulated for the given situation ( Figure 8) . Again, the area of water flow stagnation can be seen at the Polish end of the lagoon (points B, C, E).
The results obtained for the same wind conditions, but with the consideration of both straits in the spit are shown in Figures 13 and 14 . As in the previous case, after connecting the Vistula Lagoon to the Gulf of Gdańsk with two openings to the sea, the hydrodynamic conditions of the lagoon are strongly modified. First, the water table increases, reaching 0.7 m a.s.l. in the Russian part of the lagoon. At the same time, the water level is raised to about -0.7 m a.s.l. in the vicinity of Elbląg (point B). Near the new strait (point E), the water table is higher due to the inflow of sea water through the open canal. The transformation of the velocity field is also significant. In contrast to the case of only one connection, one can observe the inflow and outflow of water through the new and existing straits, respectively. Such a situation allows the lagoon to be filled with fresh sea water and avoid water stagnation. The variation of the water level in time at the Polish side of the Vistula Lagoon in the area of Elbląg (point B) is presented in Figure 15 . It can be seen that the new opening between the sea and the lagoon reduces the amplitude of the water stages at this location. The maximum water level observed for the NE wind is decreased by about 0.1 m for the assumed conditions, while the minimum water stage in this area is increased by about 0.2 m for the SW wind. The lowering of the water level during a storm surge is particularly important at this location due to the reduction of the flood risk in the polders on Żuławy Elbląskie. Żuławy is a substantial part of the Vistula Delta. It is a lowland area, including a depression reaching almost 2 m below sea level. The lowest point, 1.8 m below the surface, is located by Drużno Lake (Figure 1 ), making that terrain the lowest point in Poland. Nearly one third of the overall delta area lies below sea level. The Żuławy depression is the most important polder complex in Poland, consisting of 122 polders measuring 1200 km 2 , a large number of embankments, 125 automatic pumping stations, as well as irrigation and drainage facilities [30] . The Żuławy polders comprise one of two regions of the Polish coast considered to face the greatest threat of partial or full land loss and associated material and social costs. Therefore, these areas require intensive care and protection efforts. In Figures 7 and 8 , the calculated water levels and flow velocity fields for a NE wind with no strait in the Polish part of the lagoon are presented. The very regular shape of the water table can be seen as the current state. A significant increase of the water level is observed in the SW part of the lagoon, exceeding 0.8 m a.s.l. near points B and E (Figure 7) , which makes flooding in theŻuławy Elbląskie polder area possible. At the NE end of the lagoon, a water table decrease below −0.5 m a.s.l. is calculated at the same time. The flow circulation is the result of the water inflow through the Strait of Baltiysk (point A). The main stream of sea water is split and circulations occur in each part of the lagoon. It can be seen that in the main part of the lagoon, the water flows in a SW direction along the shore and returns in a NE direction along the main axis. An area of water flow stagnation with very low velocities can be seen in the Polish part, in the vicinity of Elbląg (point B) and the Vistula Spit (point E).
Figures 9 and 10 present the situation for a NE wind and when considering the new strait (point E). If the additional connection between the sea and lagoon is implemented, the hydrodynamic conditions of the Vistula Lagoon are changed. Again, the regular shape of the water surface can be observed, but the damming of water at the Polish side of the lagoon is less than previously. However, the lowering of the water table in the Russian part (point D) is greater. The new strait results in a local water surface depression around point E and a significant modification of the flow circulation. In this new situation, the lagoon has become open, with the possibility of water inflow through the Strait of Baltiysk (point A) and outflow through the new canal (point E). Moreover, there is no water stagnation in the lagoon and flow velocities are higher.
In Figures 11 and 12 , the calculated water level and flow velocity fields for a SW wind without the new strait are presented. Similar to the results obtained for the NE wind, the shape of the water free surface (Figure 11 ) is regular, but for the assumed meteorological conditions, the highest water level (above 0.4 m a.s.l.) is calculated at the Russian (NE) part of the lagoon (point D), while the lowest one (below −0.9 m a.s.l.) is observed at the Polish (SW) side of the lagoon (points B and E). The outflow of water into the sea through the Strait of Baltiysk (point A) was simulated for the given situation (Figure 8) . Again, the area of water flow stagnation can be seen at the Polish end of the lagoon (points B, C, E).
The results obtained for the same wind conditions, but with the consideration of both straits in the spit are shown in Figures 13 and 14 . As in the previous case, after connecting the Vistula Lagoon to the Gulf of Gdańsk with two openings to the sea, the hydrodynamic conditions of the lagoon are strongly modified. First, the water table increases, reaching 0.7 m a.s.l. in the Russian part of the lagoon. At the same time, the water level is raised to about −0.7 m a.s.l. in the vicinity of Elbląg (point B). Near the new strait (point E), the water table is higher due to the inflow of sea water through the open canal. The transformation of the velocity field is also significant. In contrast to the case of only one connection, one can observe the inflow and outflow of water through the new and existing straits, respectively. Such a situation allows the lagoon to be filled with fresh sea water and avoid water stagnation. The variation of the water level in time at the Polish side of the Vistula Lagoon in the area of Elbląg (point B) is presented in Figure 15 . It can be seen that the new opening between the sea and the lagoon reduces the amplitude of the water stages at this location. The maximum water level observed for the NE wind is decreased by about 0.1 m for the assumed conditions, while the minimum water stage in this area is increased by about 0.2 m for the SW wind. The lowering of the water level during a storm surge is particularly important at this location due to the reduction of the flood risk in the polders onŻuławy Elbląskie.
Zuławy is a substantial part of the Vistula Delta. It is a lowland area, including a depression reaching almost 2 m below sea level. The lowest point, 1.8 m below the surface, is located by Drużno Lake (Figure 1 ), making that terrain the lowest point in Poland. Nearly one third of the overall delta area lies below sea level. TheŻuławy depression is the most important polder complex in Poland, consisting of 122 polders measuring 1200 km 2 , a large number of embankments, 125 automatic pumping stations, as well as irrigation and drainage facilities [30] . TheŻuławy polders comprise one of two regions of the Polish coast considered to face the greatest threat of partial or full land loss and associated material and social costs. Therefore, these areas require intensive care and protection efforts.
In order to investigate and discuss the potential impact of the new strait (point E) in the Vistula Spit on the reduction of high water levels in the lagoon, two numerical simulations were carried out for real (observed) data. These two episodes differ from each other regarding wind parameters and, what is important, the range of sea level changes. In the first case, the sea level changes slightly and remains below the mean sea level, while in the second case, the sea level of the Gulf of Gdańsk rises to over 1.0 m a.s.l. In both cases, storm surges were simulated without taking into account tides that are negligibly small.
The first example concerns the simulation of the water level variation in the Vistula Lagoon for the period from 9 April to 13 April 1986. This event was numerically investigated in [14] and can be used to verify the mathematical model presented in this paper. The observed wind direction and velocity (Figure 16a,b) measured at the Nowa Pasłęka (Figure 1 ) meteorological station and water level variation at point A ( Figure 17a) were used as the input data for the simulation. A uniform wind field over the whole surface of the Vistula Lagoon was assumed. The E direction wind is represented by 0 and 360 degrees, N wind 90 degrees, W wind 180 degrees, and S wind 270 degrees, respectively. It can be seen that wind from the N, NE, and E sectors was observed for the first 72 h. The maximum wind velocities, reaching 15 m s −1 , were measured during this period. After 3 days, the wind direction changed to the SE, and finally the S sector. Such a specific meteorological situation was the reason for the storm surge in the Vistula Lagoon and the rising of the water surface in the southern (Polish) part of the lagoon. The water level was observed to reach almost 1.0 m a.s.l. in the vicinity of Elbląg (Figure 17b ).
area lies below sea level. The Żuławy depression is the most important polder complex in Poland, consisting of 122 polders measuring 1200 km 2 , a large number of embankments, 125 automatic pumping stations, as well as irrigation and drainage facilities [30] . The Żuławy polders comprise one of two regions of the Polish coast considered to face the greatest threat of partial or full land loss and associated material and social costs. Therefore, these areas require intensive care and protection efforts. In order to investigate and discuss the potential impact of the new strait (point E) in the Vistula Spit on the reduction of high water levels in the lagoon, two numerical simulations were carried out for real (observed) data. These two episodes differ from each other regarding wind parameters and, what is important, the range of sea level changes. In the first case, the sea level changes slightly and remains below the mean sea level, while in the second case, the sea level of the Gulf of Gdańsk rises to over 1.0 m a.s.l. In both cases, storm surges were simulated without taking into account tides that are negligibly small. The first example concerns the simulation of the water level variation in the Vistula Lagoon for the period from 9 April to 13 April 1986. This event was numerically investigated in [14] and can be used to verify the mathematical model presented in this paper. The observed wind direction and velocity (Figure 16a it is reduced from 0.67 m a.s.l. to 0.35 m a.s.l. (0.32 m  decrease) . Such a significant decrease in the water surface level could limit the flood risk at the polders adjacent to the lagoon in this region. The alarm and warning water levels in Nowakowo and Tolkmicko are equal to 0.82 m a.s.l. and 1.22 m a.s.l., respectively. The significant storm surge in the Gulf of Gdańsk (water level 1.11 m a.s.l. close to the maximum level of probability, 10%, Figure 19a , Table 1 ), and the complex meteorological situation with long periods of strong winds from the E and NE sectors caused visible effects in the form of water accumulation in the southern part of the lagoon (Figure 19b,c) . It must be underlined that such a coincidence of a very high sea level and NE winds is a rather unique situation in this area [9] (Figures 2  and 3 ). The variation of the direction and velocity of the wind resulted in a sequence of two damming periods in days 2 and 3, and day 5 of the storm event. The former was longer and higher with the water level exceeding the alarm and warning water levels in the vicinity of Elbląg and Tolkmicko, causing a real flood risk for the neighboring polders. The observations and results of the numerical simulations of the water level variation in this region are presented in Figure 19b ,c. The computations fit the measurements quite well. However, the simulated water level at point B is significantly lower than the measurements in the period after t = 72 h. It is a result of the specific landform in the vicinity of point B (Nowakowo), which is located in a sheltered area for SW and S winds. It means that assuming a uniform wind field over the whole lagoon surface is appropriate only for winds from the N, NE, and NS sectors, while it results in an underestimation of the calculated water levels in the southern part of the lagoon for winds from the S and SW sectors. This phenomenon was described in [9] , but it was not considered in this work. Such an underestimation is not visible at point C (Tolkmicko), which is located outside the sheltered area for winds blowing from the SW and S sectors. The results obtained for the current conditions (without the new strait) have confirmed that the model of storm surges was validated and can be used as a numerical tool for the forecasting of the hydrological situation in the Vistula Lagoon during storm surges and periods of strong winds.
The model was also used to analyze the impact of the new strait in the Vistula Spit on the flood risk at the polder area ofŻuławy Elbląskie during the occurrence of a high sea water level. When the hypothetical scenario with an open canal connecting the Gulf of Gdańsk and the lagoon is considered, the results of simulations differ in a noticeable way. It can be found that the maximum water levels at points B and C calculated for the concept (future) state (with the new strait) are lower during damming periods than for the current state (without the new strait). Such a situation is a consequence of water exchange through the new opening in the spit. However, due to the high water level in the sea, this impact is limited. In the example presented in Figure 19 , the highest water levels at points B and C were reduced from 1.51 m a.s.l. to 1.34 m a.s.l. (0.17 m decrease) and from 1.38 m a.s.l. to 1.27 m a.s.l. (0.11 m decrease), respectively. Therefore, for this extreme hydro-meteorological event, the water levels in the southern part of the Vistula Lagoon could not be decreased below the warning or the alarm levels.
Water 2019, 11, 990 16 of 19 point A (Figure 19a) were used as the input data for the simulation. At the turn of the year, wind from the S and SW sectors with a velocity reaching 10 m s -1 was observed. Starting from January 2 2019 (t = 24 h), the wind direction changed to the E sector. This situation lasted about 48 hours. During this period, the wind velocity reached over 18 m s -1 . From January 4 2019 (t = 72 h) to January 5 2019 (t = 96 h), the wind direction changed to the SW sector and blew with a velocity in the range of 6 to 10 m s -1 . At the beginning of January 5 2019 (t = 96 h), again, the wind direction changed to the E-NE sectors, but the observed wind velocity was lower than 10 m s -1 . Finally, during the last day of the analyzed period (January 6 2019) the wind velocity dropped below 4 m s -1 and the wind direction changed to the W sector. This moment (t = 144 h) was assumed as the finish time of the surge simulation. The significant storm surge in the Gulf of Gdańsk (water level 1.11 m a.s.l. close to the maximum level of probability, 10%, Figure 19a , Table 1 ), and the complex meteorological situation with long periods of strong winds from the E and NE sectors caused visible effects in the form of water accumulation in the southern part of the lagoon (Figure 19b,c) . It must be underlined that such a coincidence of a very high sea level and NE winds is a rather unique situation in this area [9] Discussing the two presented numerical simulations of real storm events, it can be found that the impact of the new artificial canal on the hydrodynamics of the Vistula Lagoon, and on flood risk mitigation can be significant. However, the possible decrease in the water level in the southern part of the Vistula Lagoon, in the vicinity of theŻuławy Wiślane polders, strongly depends on the actual water level in the Gulf of Gdańsk. The effective operation of a new connection of the lagoon with the sea, as a flood protection channel during NE winds, will be possible only for low storm surges. At this moment, the influence of the new strait can be analyzed only when the water gate (lock) in the new canal is considered open. There is no information regarding the construction details of the canal and lock.
Conclusions
The results of the two-dimensional numerical simulations of the hydrodynamics of the Vistula Lagoon induced by storms and strong winds allow the following conclusions:
• A comparison of the calculated and observed water levels in the lagoon shows that the applied mathematical model and its numerical solution ensure the satisfactory accuracy of the results.
•
The hydrodynamic conditions of the Vistula Lagoon are often driven by strong winds and storm sea surges.
• Long-lasting N or NE winds can result in water accumulation in the southern part of the lagoon, causing a flood risk forŻuławy Elbląskie.
The new artificial connection of the Gulf of Gdańsk with the Vistula Lagoon can change the hydrodynamics of the lagoon, but only if the lock is open during the surge event and a difference exists between water levels in the lagoon and the sea.
The new opening can intensify the water exchange between the sea and the lagoon, reducing water stagnation in the southern part of the lagoon.
The new canal in the Vistula Spit can be helpful to limit the flood risk at the polder area near Elbląg by the reduction of extreme water levels in the southern part of the lagoon during damming driven by N and NE winds; a significant (below the warning and alarm levels) decrease of the water surface level in the lagoon will be possible only when high sea water levels in the Gulf of Gdańsk do not occur.
